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(57) ABSTRACT

Hydrogen-producing fuel processing assemblies, including
steam reforming fuel processing assemblies, startup assem-
blies for use therein, and methods of operating the same. In
some embodiments, the startup assemblies include a startup
reforming region that 1s upstream from a primary, or second,
hydrogen-producing reforming region. In some embodi-
ments, the startup reforming region and primary reforming
regions are both steam reforming regions. In some embodi-
ments, the startup assembly further includes at least one of a
vaporization region and a startup heating assembly. In some
embodiments, the startup heating assembly 1s an electrically
powered heating assembly, and the fuel processing assembly
turther includes a (primary) heating assembly that combusts a
byproduct stream from the fuel processing assembly to pro-
duce a combustion exhaust stream. In some embodiments, the
startup reforming region i1s adapted to produce a gaseous
output stream that will remain a gas-phase stream even 1f
cooled below a minimum hydrogen-producing temperature.

24 Claims, 6 Drawing Sheets
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HYDROGEN-PRODUCING FUEL
PROCESSING ASSEMBLIES, HEATING
ASSEMBLIES, AND METHODS OF
OPERATING THE SAME

RELATED APPLICATION

The present application claims priority to similarly entitled
U.S. Provisional Patent Application Ser. No. 60/802,995,

which was filed on May 23, 2006 and the complete disclosure
of which 1s hereby incorporated by reference.

FIELD OF THE DISCLOSUR.

(L]

The present disclosure 1s related generally to hydrogen-
producing fuel processing systems that are adapted to pro-
duce primarily hydrogen gas via a steam reforming reaction,
and more particularly to systems and methods for initiating
hydrogen production of the same.

BACKGROUND OF THE DISCLOSURE

Purified hydrogen gas 1s used 1n the manufacture of many
products including metals, edible fats and oils, and semicon-
ductors and microelectronics. Purified hydrogen gas 1s also an
important fuel source for many energy conversion devices.
For example, fuel cells use purified hydrogen gas and an
oxidant to produce an electrical potential. Various processes
and devices may be used to produce the hydrogen gas that 1s
consumed by the fuel cells. One such process 1s steam reform-
ing, 1n which hydrogen gas 1s produced as a majority reaction
product from a carbon-containing feedstock and water.

Steam reforming of water and a carbon-containing feed-
stock to produce hydrogen gas 1s an endothermic reaction.
Hydrogen-producing steam reforming reactions are typically
performed at elevated temperatures and pressures, such as
temperatures of at least 200° C., and more typically at least
350° C., and pressures of at least 50 psi. The desired steam
reforming temperature, or range of temperatures, will tend to
vary according to a variety of factors, including the compo-
sition of the carbon-containing feedstock. As an illustrative
example, steam reforming ol methanol to produce hydrogen
gas 15 typically performed at a temperature of 350-450° C.,
while many hydrocarbons are reformed to produce hydrogen
gas at a temperature of 700-850° C.

When a hydrogen-producing steam reformer 1s initially
started up from an unheated, or off, operating state, at least the
hydrogen-producing region of the steam reformer needs to be
initially heated to at least a minimum hydrogen-producing
temperature. Because the steam reforming reaction 1s endot-
hermic, the hydrogen-producing region 1s often heated to
above this minimum hydrogen-producing temperature before
water and the carbon-containing feedstock are delivered
thereto, typically 1n gaseous form, to produce hydrogen gas
therefrom. A heating assembly 1s typically utilized to provide
the required preheating of the hydrogen-producing region,
with burners, resistive heaters, and combustion catalysts
being the most common sources of the required heating.
Burners and combustion catalysts require the delivery of a
suitable combustible fuel stream, the presence or delivery of
a suilicient air stream to support the combustion, and suitable
controls and delivery conduits to safely and reliably deliver
and combust the fuel stream and to deliver the heated exhaust
stream produced thereby to heat at least the hydrogen-pro-
ducing region of the steam reformer. Flectrically powered
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2

heaters require a sullicient power source for the heaters to
generate suificient heat throughout the hydrogen-producing
region.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view of a steam reforming hydrogen
generation assembly with a startup assembly according to the
present disclosure.

FIG. 2 1s a schematic view of another steam reforming
hydrogen generation assembly with a startup assembly
according to the present disclosure.

FIG. 3 1s a schematic view of another steam reforming
hydrogen generation assembly with a startup assembly
according to the present disclosure.

FIG. 4 1s a schematic view of another steam reforming
hydrogen generation assembly with a startup assembly
according to the present disclosure.

FIG. 5 1s a schematic view of a hydrogen-producing fuel
cell system according to the present disclosure.

FIG. 6 1s a schematic view of another hydrogen-producing,
fuel cell system according to the present disclosure.

FIG. 7 1s a schematic view of another hydrogen-producing,
fuel cell system according to the present disclosure.

FIG. 8 1s a schematic view of another steam reforming
hydrogen generation assembly according to the present dis-
closure.

FI1G. 9 15 a side elevation view of another illustrative startup
assembly according to the present disclosure and a portion of
a Tuel processing assembly for use therewith.

FIG. 10 1s a side elevation view of another illustrative
startup assembly according to the present disclosure and a
portion of a fuel processing assembly for use therewith.

FIG. 11 1s a bottom plan view of the startup assembly and
the portion of fuel processing assembly of FIG. 10.

FIG. 12 1s a side elevation view of another illustrative
startup assembly according to the present disclosure and a
portion of a fuel processing assembly for use therewith.

FIG. 13 15 an end elevation view of the another illustrative
startup assembly according to the present disclosure and a
portion of a fuel processing assembly for use therewith.

FIG. 14 1s an end elevation view of the another 1llustrative
startup assembly according to the present disclosure and a
portion of a fuel processing assembly for use therewith.

DETAILED DESCRIPTION AND BEST MODE
OF THE DISCLOSURE

A steam reforming hydrogen generation assembly accord-
ing to the present disclosure 1s schematically 1llustrated 1n
FIG. 1 and generally indicated at 10. Hydrogen generation
assembly 10 includes a feedstock delivery system 22 and a
hydrogen-producing fuel processing assembly 31. Fuel pro-
cessing assembly, or system, 31, 1s adapted to recerve at least
one feed stream 16 containing water 17 and a carbon-contain-
ing feedstock 18 from the feedstock delivery system. Illus-
trative, non-exclusive examples of suitable carbon-contain-
ing feedstocks 18 include at least one hydrocarbon or alcohol.
I[lustrative, non-exclusive examples of suitable hydrocarbons
include methane, propane, natural gas, diesel, kerosene, gaso-
line and the like. Examples of suitable alcohols include
methanol, ethanol, and polyols, such as ethylene glycol and
propylene glycol. While not required to all embodiments, in
some embodiments the carbon-contaiming feedstock will be a
liqguid carbon-containing feedstock, and 1 some embodi-
ments the carbon-containing feedstock will be miscible with
water.
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The fuel processing assembly chemically reacts the water
and the carbon-containing feedstock in the presence of a
suitable steam reforming catalyst 23 and produces a product
hydrogen stream 14 containing hydrogen gas as a majority
component. In some embodiments, the product hydrogen
stream contains pure, or at least substantially pure, hydrogen
gas. Fuel processing assembly 31 includes a hydrogen-pro-
ducing region 19, in which an output stream 20 containing
hydrogen gas 1s produced by a steam reforming reaction that
utilizes a suitable steam reforming catalyst 23, as indicated in
dashed lines in FI1G. 1. Illustrative, non-exclusive examples of
suitable steam reforming catalysts are disclosed i U.S.
Patent Application Publication No. 2006/0236607, the com-
plete disclosure of which 1s hereby incorporated by reference.
Output stream 20 includes hydrogen gas as at least a majority
component.

Output stream 20 may include one or more additional
gaseous components, and thereby may be referred to as a
mixed gas stream that contains hydrogen gas as 1ts majority
component but which also includes other gases. Examples of
other gases that may be present 1n the reformate stream from
the steam reforming reaction that occurs in hydrogen-produc-
ing region 19 include carbon monoxide, carbon dioxide,
methane, steam, and/or unreacted carbon-containing feed-
stock. In a steam reforming process, the fuel processing
assembly 31 may be referred to as a steam reformer, hydro-
gen-producing region 19 may be referred to as a reforming
region, and output, or mixed gas, stream 20 may be referred to
as a reformate stream.

As discussed 1n more detail herein, hydrogen generation
assemblies 10 according to the present disclosure may, but are
not required to, include at least one purification region 24 in
which the concentration of hydrogen gas in output, or refor-
mate, stream 20 1s increased and/or the concentration of at
least one of the other gases 1n the output stream 1s reduced.
Purification region 24 i1s schematically illustrated in FIG. 1,
where output stream 20 1s shown being delivered to an
optional purification region 24. In some embodiments, the
purification region may separate the output stream into a
hydrogen-rich stream 26 and a byproduct stream 28. In such
an embodiment, the product hydrogen stream contains at least
one of a greater concentration of hydrogen gas and/or a lower
concentration of at least one of the other gases relative to the
output stream.

As shown in FIG. 1, product hydrogen stream 14 includes
at least a portion of hydrogen-rich stream 26. Accordingly,
hydrogen-rich stream 26 and product hydrogen stream 14
may be the same stream and have the same compositions and
flow rates. However, 1t 1s also within the scope of the present
disclosure that some of the purified hydrogen gas in hydro-
gen-rich stream 26 may be stored for later use, such as 1n a
suitable hydrogen storage assembly, and/or consumed by the
tuel processing assembly.

Byproduct stream 28 contains at least a substantial portion
ol one or more of the other gases and may, but 1s not required
to, include some hydrogen gas. When present, byproduct
stream 28 may be exhausted, sent to a burner assembly or
other combustion source, used as a heated fluid stream, stored
for later use, or otherwise utilized, stored, or disposed of. It1s
within the scope of the disclosure that byproduct stream 28
may be emitted from the purification region as a continuous
stream, such as responsive to the delivery of output stream 20
to the purification region, or intermittently, such as 1n a batch
process or when the byproduct portion of the output stream 1s
retained at least temporarily 1n the purification region. In
some embodiments, the byproduct stream may contain suili-
cient hydrogen gas and/or combustible other gases that the
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byproduct stream may be used as a gaseous fuel stream for a
burner, combustion region, or other heating assembly that 1s
adapted to combust a fuel stream 1n the presence of air to
produce a heated output stream.

As discussed 1n more detail herein, hydrogen generation
assembly 10 may include such a heating assembly that i1s
adapted to combust the byproduct stream to produce a heated
output stream, or heated exhaust stream, to heat at least the
hydrogen-producing region of the fuel processing assembly.
In some embodiments, the byproduct stream may have suili-
cient fuel value (1.e., hydrogen gas content) to enable the
heating assembly, when present, to maintain the hydrogen-
producing region at a desired operating (1.e. hydrogen-pro-
ducing) temperature, above a mimimum hydrogen-producing
temperature, and/or within a selected range of temperatures.
Therefore, while not required, 1t 1s within the scope of the
present disclosure that the byproduct stream may include
hydrogen gas, such as 10-30 wt % hydrogen gas, 13-25 wt %
hydrogen gas, 20-30 wt % hydrogen gas, at least 10 or 15 wt
% hydrogen gas, at least 20 wt % hydrogen gas, etc.

Producing hydrogen gas by steam reforming water and a
carbon-contaiming feedstock 1s an endothermic reaction.
Accordingly, hydrogen generation assembly 10 requires a
heat source, or heating assembly, 60 that 1s adapted to heat at
least hydrogen-producing region 19 of the fuel processing
assembly to a suitable temperature, or range of temperatures,
for producing hydrogen gas therein and to maintain the
hydrogen-producing region at this temperature, or within this
temperature range, while the hydrogen-producing region 1s
needed to produce hydrogen gas. As an 1llustrative example of
temperatures that may be achieved and/or maintained in
hydrogen-producing region 19 through the use of heating
assembly 60, steam reformers typically operate at tempera-
tures 1n the range of 200° C. and 900° C. Temperatures out-
side of this range are within the scope of the disclosure. When
the carbon-containing feedstock 1s methanol, the steam
reforming reaction will typically operate in a temperature
range ol approximately 200-3500° C. Illustrative subsets of
this range mnclude 350-450° C.,375-425° C., and 375-400° C.
When the carbon-containing feedstock 1s a hydrocarbon,
cthanol or another alcohol, a temperature range of approxi-
mately 400-900° C. will typically be used for the steam
reforming reaction. Illustrative subsets of this range include
750-850° C., 725-825° C., 650-750° C., 700-800° C., 700-
900° C., 500-800° C., 400-600° C., and 600-800° C. It 1s
within the scope of the present disclosure for the hydrogen-
producing region to imclude two or more zones, or portions,
cach of which may be operated at the same or at different
temperatures. For example, when the carbon-containing
teedstock 1ncludes a hydrocarbon, in some embodiments 1t
may be desirable to include two different hydrogen-produc-
ing portions, or regions, with one operating at a lower tem-
perature than the other to provide a pre-reforming region. In
such an embodiment, the fuel processing system may alter-
natively be described as including two or more hydrogen-
producing regions, and/or as mcluding two or more hydro-
gen-producing regions that are connected in series, with the
output stream from the first region forming at least a portion
ol the feed stream for the second hydrogen-producing region.

In the i1llustrative, non-exclusive example shown in FIG. 1,
tuel processing assembly 31 includes a hydrogen-producing
region 19 and a heating assembly 60. Heating assembly 60 1s
adapted to produce a heated exhaust stream, or combustion
stream, 66 from heating fuel stream 64, typically as com-
busted in the presence of air. Stream 66 1s schematically
illustrated in FIG. 1 as heating hydrogen-producing region
19, such as to a suitable hydrogen-producing temperature or
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range of temperatures. Heating assembly 60 may utilize any
suitable structure for generating heated exhaust stream 66,
such as a burner or combustion catalyst in which a fuel 1s
combusted with air to produce the heated exhaust stream.
Heating assembly 60 may include an igmitor, or ignition
source, 89 that 1s adapted to mitiate the combustion of fuel,
and thereby the generation of exhaust stream 66. Illustrative
examples of suitable 1gnition sources include one or more of
spark plugs, glow plugs, combustion catalyst, pilot lights,
piezoelectric 1ignitors, and the like.

In some hydrogen-producing fuel processing assemblies
according to the present disclosure, heating assembly 60
includes a burner assembly 62 and may be referred to as a
combustion-based, or combustion-driven, heating assembly.
In a combustion-based heating assembly, the heating assem-
bly 60 1s adapted to receive at least one fuel stream 64 and to
combust the fuel stream 1n the presence of air to provide a hot
combustion stream 66 that may be used to heat at least the
hydrogen-producing region 19 of the fuel processing assem-
bly. As discussed 1n more detail herein, air may be delivered
to the heating assembly via a variety of mechanisms. In FIG.
1, an air stream 74 1s shown; however, 1t 1s within the scope of
the disclosure for the air stream to additionally or alterna-
tively be delivered to the heating assembly with at least one of
the fuel streams 64 for the heating assembly 60 and/or drawn
from the environment within which the heating assembly 1s
utilized. Illustrative, non-exclusive examples of burner
assemblies that may be utilized 1n hydrogen-producing tuel
processing systems are disclosed 1n U.S. Patent Application
Publication Nos. 2003/0223926 and 2006/0090397, the com-
plete disclosures of which are hereby incorporated by refer-
ence for all purposes.

It 1s within the scope of the disclosure that combustion
stream 66 may additionally or alternatively be used to heat
other portions of the fuel processing assembly. It 1s also
within the scope of the present disclosure that other configu-
rations and types of heating assemblies 60 may be utilized. As
an 1llustrative example, a heating assembly 60 may be an
clectrically powered heating assembly that 1s adapted to heat
at least the hydrogen-producing region of the fuel processing
assembly by generating heat using at least one heating ele-
ment, such as a resistive heating element. Therefore, 1t 1s not
required that heating assembly 60 receive and combust a
combustible fuel stream to heat hydrogen-producing region
19 to a suitable hydrogen-producing temperature. Additional
non-exclusive examples of heating assemblies that may be
utilized 1n hydrogen generation assemblies, hydrogen-pro-
ducing fuel processing assemblies, and the like according to
the present disclosure are disclosed 1n U.S. Patent Applica-
tion Publication No. 2006/0272212, the complete disclosure
of which 1s hereby incorporated by reference for all purposes.

As also schematically 1llustrated 1n FIG. 1, 1t 1s within the
scope of the present disclosure that heating assembly 60 1s
housed 1n a common shell, or housing, 68 with the hydrogen-
producing region and/or purification region(s), although this
construction 1s not required. It 1s also within the scope of the
present disclosure that the heating assembly may be sepa-
rately positioned relative to the hydrogen-producing region
but 1n thermal and/or fluid communication therewith to pro-
vide the desired heating of at least the hydrogen-producing
region. In FIG. 1, heating assembly 60 1s shown 1n an over-
lapping relationship with fuel processing assembly 31 to
graphically represent that it 1s within the scope of the disclo-
sure that the heating assembly may be located partially or
completely within fuel processing assembly 31, such as being
at least partially within shell 68, and/or that at least a portion,
or all, of the heating assembly may be located external the tuel
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processing assembly. In this latter embodiment, the hot com-
bustion gases from the burner assembly will be delivered via
suitable heat transfer conduits to the hydrogen-producing
region or other portion of the assembly to be heated.

Depending on the configuration of the hydrogen genera-
tion assembly 10 and fuel processing assembly 31, heating
assembly 60 may be configured to heat the feedstock delivery
system, the at least one feed stream emitted therefrom, the
hydrogen-producing region, the purification (or separation)
region, or any combination of these elements or selected
components thereof. The heating of the one or more feed
streams may include vaporizing liquid components of the
teed stream(s). The heating assembly 60 may also be config-
ured to heat other components of the hydrogen generation
assembly 10. For example, the heated exhaust stream may be
adapted to heat a pressure vessel or other canister containing
the heating fuel and/or the hydrogen-production fluid that
form at least portions of streams 16 and 64. While not
required, increasing the temperature of a vessel may increase
the pressure of the tluids stored within the vessel, which may
be desirable 1n some applications.

Hydrogen generation assemblies 10 according to the
present disclosure may include a feedstock delivery system
22 that 1s adapted to selectively deliver at least one feed
stream 16 to at least the hydrogen-producing region of the
fuel processing assembly. In some embodiments, the feed-
stock delivery system 1s further adapted to at least selectively
deliver fuel stream 64 to a burner 62, combustion catalyst, or
other heating assembly 60 that 1s adapted to heat at least the
hydrogen-producing region 19, such as to heat (and option-
ally maintain) the region at a suitable hydrogen-producing
temperature. Feedstock delivery system 22 may utilize any
suitable delivery mechanism. In the embodiment shown sche-
matically i FIG. 1, feedstock delivery system 22 1s adapted
to deliver two feedstock supply streams 11, namely, a feed
stream, or hydrogen-production fluid supply stream, 16,
which contains water 17 and a carbon-containing feedstock
18 and 1s adapted to be delivered to hydrogen-producing
region 19 of the fuel processing system, and a heating fuel
supply stream 64, which contains at least one combustible
fuel 13 and 1s adapted to be delivered to heating assembly 60.
In some embodiments, feedstock delivery system 22 will not
deliver a fuel or other stream to heating assembly 60. In some
embodiments, heating assembly 60 may be adapted to recerve
only byproduct stream 28 (and optionally a portion of hydro-
gen-rich stream 26) as 1ts combustible fuel stream.

While a single feed stream 16 i1s shown i FIG. 1, 1t 1s
within the scope of the disclosure that more than one stream
16 may be used and that these streams may contain the same
or different feedstocks. This 1s schematically illustrated by
the 1nclusion of a second feed stream 16 1n dashed lines in
FIG. 1. Stmilarly, FIG. 1 also illustrates 1n dashed lines that
cach feed stream 16 may (but 1s not required to) be associated
with a different feedstock delivery system 22, or portions
thereof. For example, when more than one feedstock delivery
system 22 1s utilized, the systems may (but are not required to)
draw at least a portion of their outlet streams from a common
supply. When feed stream 16 contains two or more compo-
nents, such as a carbon-containing feedstock and water, the
components may be delivered in the same or different feed
streams.

For example, when a liquid carbon-containing feedstock 1s
used that 1s miscible with water, such as methanol or another
water-soluble alcohol, the feedstock delivery system may be
(but 1s not required to be) adapted to deliver a liquid feed
stream 16 that contains a mixture of water and the carbon-
containing feedstock. The ratio of water to carbon-containing
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feedstock 1n such a feed stream may vary according to such
factors as the particular carbon-containing feedstock being
used, user preferences, the design of the hydrogen-production
region, etc. Typically the molar ratio of water to carbon will
be approximately 1:1 to 3:1. Mixtures of water and methanol
will often be delivered at or near a 1:1 molar ratio (31 vol %
water, 69 vol % methanol), while mixtures of hydrocarbons or
other alcohols will often be delivered at a molar ratio greater
than 1:1 water-to-carbon.

As a further illustrative example, a reforming feed stream
16 may contain approximately 25-75 vol % methanol or
cthanol or another suitable water-miscible carbon-containing
teedstock, and approximately 25-75 vol % water. For feed
streams formed (at least substantially) of methanol and water,
the streams will typically contain approximately 50-75 vol %
methanol and approximately 25-350 vol % water. Streams
containing ethanol or other water-miscible alcohols will typi-
cally contain approximately 25-60 vol % alcohol and
approximately 40-75 vol % water. An example of a particu-
larly well-suited feed stream for hydrogen-generating assem-
blies that utilize steam reforming reactions contains 69 vol %
methanol and 31 vol % water, although other compositions
and liquid carbon-containing feedstocks may be used without
departing from the scope of the present disclosure.

While not required, 1t 1s within the scope of the present
disclosure that such a feed stream that contains both water and
at least one carbon-containing feedstock may be used as the
teed stream for hydrogen-producing region 19 and as a com-
bustible fuel stream for a heating assembly that 1s adapted to
heat at least the hydrogen-producing region of the fuel pro-
cessing assembly. A potential benefit of such a construction 1s
that the hydrogen generation assembly that produces hydro-
gen gas from water and a carbon-contaiming feedstock does
not need to include more than a single supply 112, ifthe water
and water-soluble liquid carbon-containing feedstock are
premixed. It 1s also within the scope of the present disclosure
that a feedstock delivery system 22 may deliver the compo-
nents of the hydrogen production fluid, or feed stream, to the
tuel processing assembly 1n two or more streams, with these
streams having the same or different compositions. For
example, the carbon-containing feedstock and water may be
delivered 1n separate streams, and optionally (at least until
both streams are vaporized or otherwise gaseous), when they
are not miscible with each other, such as shown in FIG. 1 by
reference numerals 17 and 18 optionally pointing to different
feed streams.

It 1s within the scope of the present disclosure that heating
tuel 13 may include any combustible liquid and/or gas that 1s
suitable for being consumed by heating assembly 60 to pro-
vide the desired heat output. Some heating fuels 13 according,
to the present disclosure will be gases when delivered and
combusted by heating assembly 60, while others will be
delivered to the heating assembly as a liquid stream. Illustra-
tive examples of suitable heating fuels include the previously
discussed carbon-containing feedstocks, such as methanol,
methane, ethane, ethanol, ethylene, propane, propylene,
butane, and butanes, amongst others. Additional examples
include low molecular weight condensable fuels such as l1g-
uefled petroleum gas, ammonia, lightweight amines, dim-
cthyl ether, and low molecular weight hydrocarbons.
Although not required to all embodiments, the heating fuel
stream and the hydrogen-production fluid stream may have
different individual or overall compositions and may be dis-
charged from the feedstock delivery system in different
phases. For example, one of the streams may be a liquid
stream while the other 1s a gas stream. In some embodiments,
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both of the streams may be liquid streams. In some embodi-
ments, both of the streams may be gas streams.

Ilustrative, non-exclusive examples of suitable feedstock
delivery systems 22 that may be used with hydrogen-produc-
ing fuel processing assemblies (or hydrogen-generation
assemblies) according to the present disclosure are disclosed

in U.S. Patent Application Publication Nos. 2007/0062116,
2006/0090396, and 2006/00903977. The complete disclosures
of the above-identified patent applications are hereby incor-
porated by reference for all purposes. The above-incorpo-
rated applications also disclose additional examples of fuel
processing assemblies, fuel cell systems, the components
therefor, and methods for operating the same that may selec-
tively be used and/or integrated with other components dis-
closed, illustrated and/or incorporated herein. Illustrative,
nonexclusive examples of suitable hydrogen generation
assemblies, and components thereol, are disclosed i U.S.
Pat. Nos. 6,221,117, 5,997,594, 5,861,137, and pending U.S.
Patent Application Publication Nos. 2001/0045061, 2003/
0192251, and 2003/0223926. The complete disclosures of the

above-identified patents and patent applications are hereby
incorporated by reference for all purposes. Additional
examples are disclosed 1n U.S. Patent Application Publica-
tion Nos. 2006/0060084, 2006/0272212, and 2007/0062116,
the complete disclosures of each of which are hereby incor-
porated by reference for all purposes.

As discussed, steam reforming hydrogen generation
assemblies 10 according to the present disclosure include a
heating assembly 60 that 1s adapted to maintain the hydrogen-
producing region 19 at a suitable temperature, or within a
suitable temperature range, for producing hydrogen gas by
steam reforming water and a carbon-containing feedstock.
However, sometimes the temperature of the hydrogen-pro-
ducing region 1s below a suitable hydrogen-producing tem-
perature, such as when the hydrogen generation assembly 1s
started up from a cold, or unheated, operating state. Conven-
tionally, a fuel stream 1s delivered to heating assembly 60,
either by feedstock delivery system 22 or by a suitable fuel
delivery system. In such an embodiment, the hydrogen-pro-
ducing region must be heated by heating assembly 60 to a
suitable hydrogen-producing temperature. While reasonably
eifective, the time and/or energy/tuel requirements to heat
hydrogen-producing region 19 to this temperature may be
more than 1s desirable 1n some embodiments.

Hydrogen generation assemblies 10 according to the
present disclosure include a startup assembly, or preheating
assembly, 120 that 1s adapted to recerve feed stream(s) 16 and
to vaporize any liquid component thereof. Accordingly, star-
tup assembly 120 may be described as including a vaporiza-
tion region 122, in which liquid portions of the feed stream or
streams are vaporized. In some embodiments, the at least one
feed stream 16 1s delivered from the feedstock delivery sys-
tem as a liquid stream, such as a liquid stream that contains
water and a liquid carbon-containing feedstock. In other
embodiments, at least a portion of the feed stream, such as the
carbon-containing feedstock portion thereof, may be deliv-
ered as a gas stream. For example, many hydrocarbons are
gases under the temperature and pressure at which they are
delivered by a suitable feedstock delivery system. For the
purpose ol simplilying the following discussion, the feed-
stock delivery system will be described as being adapted to
deliver a liquid feed stream that includes water and a liquid
carbon-contaiming feedstock, such as methanol, that 1s mis-
cible with water. Other compositions and numbers of feed
streams are within the scope of the present disclosure, as
discussed herein.
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As mdicated m FIG. 1, startup assembly 120 may also
include a steam reforming catalyst 23 that defines a startup
reforming region 130 in which some hydrogen gas 1s pro-
duced from the vaporized feed stream via a steam reforming
reaction. Startup reforming region 130 1s upstream and
spaced-apart from hydrogen-producing region 19, which
may be referred to as a primary reforming region or a primary
stcam reforming region. As used herein, “upstream” and
“downstream” respectively refer to the relative position of
various components and/or regions of the fuel processing
assembly with respect to fluid flow thereto. For example,
when startup reforming region 1s described as being upstream
from hydrogen-producing region 19, it 1s meant that fluid
from startup reforming region flows (directly or indirectly) to
the hydrogen-producing region. Similarly, hydrogen-produc-
ing region 19 may be described as being downstream from the
startup reforming region because 1t receives fluid (directly or
indirectly) from the startup reforming region. For similar
reasons, the feedstock delivery system may be described as
being upstream from startup reforming region 130 and hydro-
gen-producing region 19 because tfluid from the feedstock
delivery system flows to the startup reforming region and then
to the hydrogen-producing region, although the relative tlow
rate and composition of this fluid stream may change as it
flows (and 1s reacted) from the feedstock delivery system to
downstream components of the fuel processing assembly.
Similarly, a purification region, 1f present, may be described
as being downstream from feedstock delivery system 22,
startup reforming region 130, and hydrogen-producing
region 19 because the hydrogen-gas containing stream 1t
receives originates as a feed stream from the feedstock deliv-
ery system.

Startup reforming region 130 1s adapted to convert at least
a portion of the vaporized feed stream to hydrogen gas prior
to delivery of the remaining feed stream (and any produced
hydrogen gas and other steam reforming reaction products) to
hydrogen-producing region 19. Startup reforming region 130
will typically contain less steam reforming catalyst 23 than
hydrogen-producing region 19, but this 1s not a requirement to
all startup assemblies according to the present disclosure.
Accordingly, 1t 1s within the scope of the present disclosure
that the startup reforming region 130 may have less, equal, or
more reforming catalyst 23 than hydrogen-producing assem-
bly 19 and that regions 130 and 19 may utilize different steam
reforming catalysts. In some embodiments, the startup
assembly and the hydrogen-producing region are each con-
tained 1n separate housings, with the housing for the startup
assembly being upstream from the housing for the hydrogen-
producing region. In some embodiments, both of these hous-
ings (and the contents thereot) are heated by heating assem-
bly 60, which 1n some embodiments does so by combusting a
portion of the reformate stream produced by the hydrogen-
producing region to produce a heated exhaust stream.

In FIG. 1, the output stream {from startup reforming region
1301s indicated at 20" and, as shown, 1s delivered to hydrogen-
producing region 19, where 1t may thereafter flow to one or
more purification regions 24. As discussed herein, stream 20’
may include vaporized feed stream, hydrogen gas, and/or
other gases produced from partial or complete steam reform-
ing of feed stream 16. Typically, at least a portion of the feed
stream will be converted into hydrogen gas 1n startup reform-
ing region 130. In some embodiments, more than 23%,
25-50%, more than 50%, 50-75%, more than 75%, 75-90%,
or more than 90% of the feed stream will be reacted via the
steam reforming reaction and thereby converted into hydro-
gen gas and other reaction products of the steam reforming
reaction. The reaction products from the startup reforming
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region, as well as any unreacted water and/or carbon-contain-
ing feedstock portions of the feed stream are then delivered to
hydrogen-producing region 19. A potential benefit of some of
the feed stream being converted into hydrogen gas (and/or
other combustible gases) 1n the startup reforming region 1s
that this portion of the feed stream will remain 1n a gaseous
state even 11 1t 1s cooled to a temperature that 1s less than the
vaporization temperature thereof.

It 1s within the scope of the present disclosure that all of the
feed stream, or at least all carbon-containing feedstock in the
feed stream, will be converted to gas(es) 1n the startup reform-
ing region. This gas, or gases, may remain 1n a gaseous state
if cooled from the temperature 1n the vaporization region
and/or startup reforming region. It 1s not a requirement that
the gas, or gases, remain in a gaseous state 1f cooled to
ambient temperature, and/or pressures (such as 25° C. and 1
atm), as opposed to the other temperatures and pressures
within regions of the fuel processing assembly within which
the gas, or gases, tlow. However, such a result 1s also not
precluded from the scope of the present disclosure. In some
embodiments, at least a substantial portion of any carbon-
containing feedstock in the feed stream(s) 1s converted via
chemical reaction in the startup reforming region nto gases

having a different composition than the carbon-containing
feedstock. In some embodiments, all of the carbon-contain-
ing feedstock i1s converted to gases having a different compo-
sition than the carbon-containing feedstock. In an 1llustrative,
non-exclusive example, when the carbon-containing feed-
stock 1s methanol, the output stream from the startup assem-
bly may contain less than 350% of the methanol that was
present 1n the feed stream, less than 25% of the methanol that
was present 1n the feed stream, less than 10% of the methanol
that was present 1n the feed stream, less than 2% of the
methanol that was present in the feed stream, or even no
methanol, although this 1s not required to all embodiments.
The same illustrative reduction 1n the amount of carbon-
containing feedstock may apply to other carbon-containing
teedstocks that are utilized 1n the feed stream(s).

During startup of the steam reforming fuel processing
assembly, hydrogen-producing region 19 may tend to at least
initially have a temperature that 1s substantially lower than the
vaporization temperature of the feed stream’s components
and/or a suitable hydrogen-producing temperature. However,
because output stream 20' already will contain some hydro-
gen gas (and optionally other combustible gases), these gases
may provide a byproduct stream 28 having sufficient fuel
value for use as a fuel for heating assembly 60 even 11 hydro-
gen-producing region 19 1s not producing, or not producing
more than a minority amount of, hydrogen gas from the
portion of feed stream 16 that 1s delivered thereto. Another
potential, but not required, benefit of the production of some
hydrogen gas in startup reforming region 130 1s that hydrogen
gas will tend to produce a more stable flame, such as 1n a
heating assembly 60 that combusts a byproduct or other outlet
stream from the fuel processing assembly, than some fuel
streams that contain a carbon-containing feedstock. For
example, hydrogen gas tends to produce a more stable flame
and to have fewer combustion byproducts (and/or more desir-
able combustion byproducts) than methanol.

Startup assembly 120 may 1nclude a startup heating assem-
bly 140 that 1s adapted to heat vaporization region 122 to a
suitable temperature for vaporizing any liquid component of
the feed stream and to heat the startup reforming region to a
suitable temperature for producing hydrogen gas from the
vaporized feed stream. Startup heating assembly 140 may
have any suitable construction and may utilize any suitable




US 7,939,051 B2

11

mechanism for providing the desired heating of the vaporiza-
tion region and startup reforming region.

In some embodiments, startup heating assembly 140 may
include at least one electric heating assembly, such as a car-
tridge heater or other resistive heating device. However, this
1s not required to all embodiments. Power for such a device
may come from any suitable power source or energy-storage
device. Illustrative, non-exclusive examples of suitable
power sources include at least one rechargeable or other bat-
tery, capacitor (or ultracapacitor or supercapacitor), fly
wheel, utility gnid, fuel cell system, wind turbine, electric
generator, solar generator, hydroelectric power source, and
the like. An 1illustrative, non-exclusive example of a steam
reforming hydrogen generation assembly that includes a star-
tup assembly 120 with such an electrically powered startup
heating assembly 140 1s schematically illustrated in FIG. 2.
As shown, startup heating assembly 140 includes an electri-
cally powered heating device 142 and an electrical power
source 144 therefor. Power source 142 may include any of the
subsequently described energy storage devices 52, but addi-
tionally or alternatively may include another electrical power
source.

In some embodiments, startup heating assembly 140 may
include a burner, combustion catalyst, or other suitable com-
bustion source that 1s adapted to combust a fuel stream in the
presence of air to produce a heated exhaust stream that may be
used to heat the vaporization region and startup reforming,
region to the desired temperatures or temperature ranges. An
illustrative, non-exclusive example of a steam reforming
hydrogen generation assembly that includes a startup assem-
bly 120 with such a startup heating assembly 140 1s schemati-
cally illustrated in FI1G. 3. As shown, startup heating assembly
140 includes a burner or other combustion assembly 146
(such as may, but 1s not required to, include any of the con-
figurations, constructions, and/or variants discussed herein
with respect to heating assembly 60), which 1s adapted to
receive a startup fuel stream 148 and to produce a startup
exhaust stream 150 therefrom by combusting the startup fuel
stream 1n the presence of air. Startup fuel stream 148 may
include liquid and/or gaseous components. In some embodi-
ments, the startup fuel stream may include carbon-containing,
feedstock 18. In some embodiments, the startup fuel stream
may include carbon-containing feedstock 18 and water 17
from feedstock delivery system 22. In some embodiments,
the startup fuel stream may include byproduct stream 28
and/or hydrogen gas from hydrogen-rich stream 26.

In some embodiments, heating assembly 60 may be used to
provide heat to the startup assembly, either independently or
in combination with startup heating assembly 140. This 1s
schematically illustrated in dashed lines in FIGS. 2 and 3, 1n
which the heated exhaust stream 66 from heating assembly 60
1s shown providing heat to at least vaporization region 122
and optionally startup reforming region 130 of the startup
assembly. As discussed, illustrative, non-exclusive examples
of suitable combustible fuel streams for heating assembly 60
(which may be referred to a primary heating assembly) and/or
startup heating assembly 140 include a carbon-containing
teedstock (including but not limited to carbon-containing
teedstock) 18, feed stream 16, byproduct stream 28, hydrogen
gas produced by primary or startup reforming regions 19 and
130, and the like.

It 1s also within the scope of the present disclosure that
startup assembly 120 does not include a startup heating
assembly and that 1t 1s instead adapted to be heated by heating
assembly 60. An illustrative, non-exclusive example of a
steam reforming hydrogen generation assembly that includes
such a startup assembly 120 1s schematically illustrated 1n
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FIG. 4. When startup assembly 120 includes a startup heating
assembly 122, the startup heating assembly may only be used
until vaporization region 122 and/or startup reforming region
130 reach a suitable temperature. After this threshold tem-
perature 1s reached or exceeded, the startup heating assembly
may be turned off or otherwise cease to be used. In some
embodiments, 1t may be desirable to continue to use the
startup heating assembly after this threshold temperature has
been reached or exceeded.

In some embodiments, the startup assembly and/or the
subsequently discussed control system (88) may include a
temperature sensor that 1s adapted to detect when this thresh-
old temperature 1s reached or exceeded and to control the
operation of the startup heating assembly responsive to the
detected temperature. Although not required to all embodi-
ments, 1t 1s similarly within the scope of the present disclosure
that the flow rate of feed stream 16 from, or by, feedstock
delivery system 22 may be controlled or otherwise adjusted
responsive to such factors as whether the startup heating
assembly 1s still being used, one or more measured tempera-
tures 1n the startup assembly, hydrogen-producing region 19,
or elsewhere within assembly 19, the demand for hydrogen
gas by a fuel cell stack, eftc.

As discussed, steam reforming hydrogen generation
assemblies 10 according to the present disclosure may, but are
not required to, include at least one purification region 24.
When present 1n a particular embodiment, i1t 1s within the
scope of the present disclosure that the purification, or sepa-
ration, region and hydrogen-producing region 19 may be
housed together 1n a common shell, or housing, 68. It1s within
the scope of the present disclosure that the separation region
1s separately positioned relative to hydrogen-producing
region 19, such as by being downstream thereof, but in fluid
communication therewith to recerve the mixed gas, or refor-
mate, stream therefrom. It 1s also within the scope of the
present disclosure that the hydrogen generation assembly
does not include a purification region.

Purification region 24 includes any suitable mechanism,
device, or combination of devices, that 1s adapted to reduce
the concentration of at least one non-hydrogen component of
output stream 20. In other words, the purification region may
be adapted to reduce the concentration of at least one of the
other gases produced in the hydrogen-producing region or
otherwise present 1n output stream 20. In most applications,
hydrogen-rich stream 26 will have a greater hydrogen con-
centration than output, or mixed gas, stream 20. However, 1t 1s
also within the scope of the disclosure that the hydrogen-rich
stream will have a reduced concentration of one or more
non-hydrogen components that were present 1n output stream
20, yet have the same, or even a reduced overall hydrogen gas
concentration as the output stream. For example, 1n some
applications where product hydrogen stream 14 may be used,
certain impurities, or non-hydrogen components, are more
harmiul than others. As a specific example, in conventional
tuel cell systems, carbon monoxide may damage a fuel cell
stack 11t 1s present 1n even a few parts per million, while other
non-hydrogen components that may be present in stream 20,
such as water, will not damage the stack even 11 present 1n
much greater concentrations. Therefore, 1n such an applica-
tion, a suitable purification region may not increase the over-
all hydrogen gas concentration, but 1t will reduce the concen-
tration of a non-hydrogen component that is harmiul, or
potentially harmiul, to the desired application for the product
hydrogen stream.

Ilustrative, non-exclusive examples of suitable devices for
purification region 24 include one or more hydrogen-selec-
tive membranes 30, chemical carbon monoxide removal
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assemblies 32 (such as a methanation catalyst bed), and pres-
sure swing adsorption systems 38. It 1s within the scope of the
disclosure that purification region 24 may include more than
one type of purnification device, and that these devices may
have the same or different structures and/or operate by the
same or different mechanisms. As discussed herein, hydro-
gen-producing fuel processing assembly 31 may include at
least one restrictive orifice or other flow restrictor down-
stream of at least one purification region, such as associated
with one or more of the product hydrogen stream, hydrogen-
rich stream, and/or byproduct stream.

In FIG. 1, purification region 24 1s shown within fuel
processing assembly 31. It 1s within the scope of the disclo-
sure that region 24, when present, may alternatively be sepa-
rately located downstream from the fuel processing assembly,
as 1s schematically 1llustrated 1n dash-dot lines 1n FIG. 1. It 1s
also within the scope of the disclosure that purnification region
24 may include portions within an external fuel processing
assembly 31.

In FIG. 1, fuel processing assembly 31 1s shown including
a shell 68 in which at least the hydrogen-producing region,
and optionally the purification region, 1s contained. Shell 68,
which also may be referred to as a housing, enables the
components of the steam reformer or other fuel processing
mechanism to be moved as a unit. It also protects the compo-
nents of fuel processing assembly 31 from damage by pro-
viding a protective enclosure and reduces the heating demand
ol the fuel processing assembly because the components of
the fuel processing assembly may be heated as a unit. Shell 68
may, but does not necessarily, include isulating material 70,
such as a solid msulating material, blanket isulating mate-
rial, and/or an air-filled cavity. It 1s within the scope of the
disclosure, however, that the fuel processing assembly may
be formed without a housing or shell. When fuel processing,
assembly 31 includes insulating material 70, the msulating
material may be internal the shell, external the shell, or both.
When the imnsulating material 1s external a shell containing the
above-described reforming and/or purification regions, fuel
processing assembly 31 further may include an outer cover or
jacket 72 external the insulation, as schematically 1llustrated
in FIG. 1. It 1s within the scope of the present disclosure that
the fuel processing assembly may be implemented with a
different shell, with a shell that includes additional compo-
nents of the fuel processing assembly, including feedstock
delivery system 22 (or portions thereof), and/or includes
additional components of the fuel cell system. It 1s also within
the scope of the present disclosure that a fuel processing
assembly 31 may not include a shell 68.

It 1s further within the scope of the disclosure that one or
more of the components of fuel processing assembly 31 may
either extend beyond the shell or be located external at least
shell 68. For example, and as discussed, purification region 24
may be located external shell 68, such as with the purification
region being coupled directly to the shell or being spaced-
away from the shell but 1n fluid communication therewith by
suitable tluid-transier conduits (as indicated 1n dash-dot lines
in FIG. 1). As another example, a portion of hydrogen-pro-
ducing region 19 (such as portions of one or more reforming
catalyst beds) may extend beyond the shell, such as indicated
schematically with a dashed line representing an alternative
shell configuration in FIG. 1.

As discussed, product hydrogen stream 14 may be used 1n
a variety of applications, including applications where high
purity hydrogen gas 1s utilized. An example of such an appli-
cation 1s as a fuel, or feed, stream for a fuel cell stack. A fuel
cell stack 1s a device that produces an electrical potential from
a source of protons, such as hydrogen gas, and an oxidant,
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such as oxygen gas. Accordingly, hydrogen generation
assembly 10 may include or be coupled to at least one fuel cell
stack 40, which 1s adapted to receive at least a portion of
product hydrogen stream 14 and an air or other oxidant stream
81 to produce an electrical power output therefrom. This 1s
schematically illustrated in FIG. 5, 1n which a fuel cell stack
1s indicated at 40 and produces an electric current, or electri-
cal output, which 1s schematically illustrated at 41. Air stream
81 may be delivered to the fuel cell stack via any suitable
mechanism, including passive or active mechanisms, and
powered or manual mechanisms. When coupled to a fuel cell
stack 40, the steam reforming hydrogen generation assembly
may be referred to as an energy producing system, or a steam
reforming fuel cell system, 42. The present application incor-
porates by reference many difierent applications that disclose
fuel processing assemblies, tuel cell systems, or components
thereof. It 1s within the scope of the present disclosure that
these systems and components, including the variations dis-
closed, 1llustrated, and incorporated therein and herein may
be selectively combined and used or integrated together with-
out departing from the scope of the present disclosure.

Fuel cell stack 40 includes at least one fuel cell 44, and
typically includes a plurality of fuel cells 44 that are adapted
to produce an electric current from an oxidant, such as atir,
oxygen-enriched air, or oxygen gas, and the portion of the
product hydrogen stream 14 delivered thereto. A fuel cell
stack typically includes multiple tuel cells joined together
between common end plates 48, which contain tluid delivery/
removal conduits, although this construction 1s not required
to all embodiments. Examples of suitable fuel cells include
proton exchange membrane (PEM) fuel cells and alkaline
tuel cells. Others include solid oxide fuel cells, phosphoric
acid fuel cells, and molten carbonate fuel cells.

Fuel cell stack 40 may have any suitable construction.
[lustrative examples of Tuel cell systems, fuel cell stacks, and
components thereolf, that may be utilized 1n hydrogen-pro-
ducing fuel cell systems that include a hydrogen-producing
tuel processing assembly according to the present disclosure,
are disclosed 1n U.S. Pat. Nos. 4,214,969, 4,583,583, 5,300,
370, 5,484,666, 5,879,826, 6,057,053, and 6,403,249, the
complete disclosures of which are hereby incorporated by
reference. Additional examples are disclosed in U.S. Patent
Application Publication Nos. 2006/0093890 and 2006/
0246331, the complete disclosures of which are hereby incor-
porated by reference.

It 1s within the scope of the present disclosure that steam
reforming hydrogen generation assemblies 10 according to
the present disclosure may be used in other applications in
which 1t 1s desirable to have a source of hydrogen gas and/or
may be used to produce hydrogen gas for storage and later
consumption. In other words, while hydrogen generation
assemblies 10 according to the present disclosure may be
utilized with fuel cell stacks to provide a fuel cell system for
satistying an applied electrical load, 1t 1s also within the scope
ol the present disclosure that the hydrogen generation assem-
blies may be utilized independent of tuel cell stacks.

Energy producing, or fuel cell, system 42 may be adapted
to supply power to meet the applied load from at least one
energy-consuming device 46. Illustrative examples of
energy-consuming devices include, but should not be limited
to, motor vehicles, recreational vehicles, construction or
industrial vehicles, boats and other sea craft, and any combi-
nation of one or more residences, commercial offices or build-
ings, neighborhoods, tools, lights and lighting assemblies,
radios, appliances (including household appliances), com-
puters, industrial equipment, signaling and communications
equipment, radios, electrically powered components on
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boats, recreational vehicles or other vehicles, battery charg-
ers, autonomous battery chargers, mobile devices, mobile
tools, emergency response units, life support equipment,
monitoring equipment for patients, and even the balance-oi-
plant electrical requirements for the energy-producing sys-
tem 42 ol which fuel cell stack 40 forms a part. As used herein,
energy-consuming device 46 1s used to schematically and
generally refer to one or more energy-consuming devices that
are adapted to draw power from an energy producing system,
or Tuel cell system, according to the present disclosure. It 1s
also within the scope of the present disclosure that an energy-
producing system according to the present disclosure, includ-
ing such a system that includes a steam reforming hydrogen
generation assembly (or hydrogen-producing tuel processing
assembly) according to the present disclosure, may be inte-
grated or otherwise coupled to, or commonly housed within,
at least one energy-consuming device to provide an energy-
producing and consuming assembly, or system, as indicated
generally at 56 1n FIG. S.

In the context of a portable energy producing system that
includes a steam-reforming hydrogen-producing assembly
according to the present disclosure, the rate at which the
hydrogen generation assembly 1s adapted to produce hydro-
gen gas, and the rated power output of fuel cell stack 40
contribute or otherwise define the number and/or type of
energy-consuming devices that system 56 may be adapted to
power. Therefore, although not required by all fuel energy
producing systems (or hydrogen-producing tuel cell sys-
tems), including (but not limited to) smaller, portable energy
producing systems according to the present disclosure, the
system may be designed or otherwise configured to have a
rated/intended maximum power output, and corresponding
hydrogen gas production rate, of 1000 watts or less. In some
embodiments, the system may be designed or otherwise con-
figured to have a rated/intended maximum power output, and
corresponding hydrogen gas production rate, and 1n some
embodiments to have a rated/intended maximum power out-
put of 500 watts or less. In some embodiments, the system
may be designed or otherwise configured to have a rated/
intended maximum power output, and corresponding hydro-
gen gas production rate, of 300 watts or less, or even 250
watts. The systems will typically have a rated, or maximum,
power output of at least 100 watts, although this 1s not a
requirement of all embodiments. Illustrative, non-exclusive
examples of power outputs of 1000 watts or less that may be

utilized by systems according to the present disclosure
include, but should not be limited to 500-800 watts, 500-750

watts, 750-1000 watts, 200-500 watts, 250-500 watts, 300-
600 watts, and 400-800 watts. Illustrative, non-exclusive
examples of power outputs of 500 watts or less that may be

utilized by systems according to the present disclosure
include, but should not be limited to, 25-500 watts, 50-200

watts, 50-250 watts, 1350-250 watts, 350-450 watts, 100-400
watts, 100-300 watts, and 250-450 watts. Illustrative, non-
exclusive examples of power outputs of 300 watts or less that
may be utilized by systems according to the present disclo-
sure include, but should not be limited to, 100-300 watts,
75-300 watts, 100-200 watts, 200-300 watts, 150-300 watts,
and 250-300 watts. While not required, these systems may be
relatively lightweight and compact, such as being sized for
manual transport by an individual.

When fuel cell systems 42 are adapted to have a rated
power output of 1 kW or less, such as discussed above, the
corresponding hydrogen generation assembly 10 may be con-
figured to provide an appropriate tlow rate of hydrogen gas 1n
product hydrogen stream 14 to enable the fuel cell stack, or
stacks, to produce this power output. For example, the hydro-
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gen generation assemblies 1llustrated herein may be adapted
to produce less than 20 slm of hydrogen gas when operating
at tull capacity, with illustrative subsets of this range includ-
ing less than 15 slm, less than 10 slm, less than 5 slm, 13-15
slm, 3-5 slm, and 2-4 slm of hydrogen gas. For a fuel cell
system 42 that 1s rated to produce 2350 watts/hr, an illustrative,
non-exclusive example of a suitable capacity for hydrogen
generation assembly 10 1s 3-4 slm of hydrogen gas.

However, 1t 1s within the scope of the present disclosure
that steam reforming hydrogen generation assemblies (and
energy-producing systems incorporating the same) according
to the present disclosure may be constructed to any suitable
scale, such as depending upon the desired flow rate of hydro-
gen gas 1n product hydrogen stream 14, the desired rated
output of the energy producing system, the type and/or num-
ber of energy-consuming devices to be powered by the energy
producing assembly, limitations on available size for the
hydrogen generation assembly and/or the energy production
assembly, etc. In some embodiments, 1t may be desirable to
produce energy-production assemblies according to the
present disclosure that have a rated (designed) power output
of at least 1 kW, such as in the range of 1-2 kW, with the
assembly including a hydrogen generation assembly adapted
to provide the requisite hydrogen gas to produce the required
clectricity to satisiy such an applied load. In other applica-
tions, 1t may be desirable for the assembly to have a power
output at least 2 kW, such as in the range of 2-4 kW, 3-5 kW,
4-6 kW, or more. For example, such a fuel cell system may be
used to provide power to a household or other residence,
small office, or other energy-consuming device with similar
energy requirements.

It 1s within the scope of the present disclosure that embodi-
ments of steam reforming hydrogen generation assemblies,
fuel processing assemblies, startup assemblies, feedstock
delivery systems, fuel cell stacks, and/or fuel cell systems that
are disclosed, illustrated and/or incorporated herein may be
utilized 1n combinations of two or more of the corresponding
components to increase the capacity thereof. For example, 1f
a particular embodiment of a hydrogen generation assembly
1s adapted to produce 3-4 slm of hydrogen gas, then two such
assemblies may be used to produce 6-8 slm of hydrogen gas.
Accordingly, the assemblies and systems disclosed herein
may be referred to as scalable systems. It 1s within the scope
ol the present disclosure that the hydrogen generation assem-
blies, fuel processing assemblies, startup assemblies, fuel cell
stacks, Tuel processing assemblies, and/or heating assemblies
described, illustrated and/or incorporated herein may be con-
figured as modular units that may be selectively intercon-
nected.

Fuel cell stack 40 may receive all of product hydrogen
stream 14. Some or all of stream 14 may additionally, or
alternatively, be delivered, via a suitable conduit, for use 1n
another hydrogen-consuming process, burned for fuel or
heat, or stored for later use. As an 1illustrative example, a
hydrogen storage device 50 1s shown 1n dashed lines 1n FIG.
5. Device 50 1s adapted to store at least a portion of product
hydrogen stream 14. For example, when the demand for
hydrogen gas by stack 40 1s less than the hydrogen output of
fuel processing assembly 31, the excess hydrogen gas may be
stored 1n device 50. Illustrative examples of suitable hydro-
gen storage devices include hydride beds and pressurized
tanks. Although not required, a benefit of fuel processing
assembly 31 or fuel cell system 42 including a supply of
stored hydrogen gas 1s that this supply may be used to satisiy
the hydrogen requirements of stack 40, or the other applica-
tion for which stream 14 1s used, 1n situations when fuel
processing assembly 31 1s not able to meet these hydrogen
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demands. Examples of these situations include when the tuel
processing assembly 1s starting up from a cold, or 1nactive
state, ramping up (being heated and/or pressurized) from an
1dle state, offline for maintenance or repair, and when the tuel

cell stack or application 1s demanding a greater tlow rate of 5

hydrogen gas than the maximum available production from
the fuel processing assembly. Additionally or alternatively,
the stored hydrogen gas may also be used as a combustible
tuel stream to heat the fuel processing assembly or fuel cell
system. Fuel processing assemblies that are not directly asso-
ciated with a fuel cell stack may still include at least one
hydrogen-storage device, thereby enabling the product
hydrogen streams from these fuel processing assemblies to
also be stored for later use.

Hydrogen generation assemblies 10 and/or fuel cell sys-
tems 42 according to the present disclosure may also include
a battery or other suitable electricity-storage device 52.
Device 52 may additionally or alternatively be referred to as
an energy storage device. Device 52 may be adapted to pro-
vide a power output to satisiy at least a portion of the balance
of plant requirements of assemblies 10 and/or systems 42
(such as to provide power to feedstock delivery system 22
and/or startup heating assembly 140). Device 52 may addi-
tionally or alternatively be adapted to satisty at least a portion
of the applied load to fuel cell system 42, such as when the
tuel cell stack 1s not producing an electric current and/or not
able to satisiy the applied load. In some embodiments, device
52 may be a rechargeable device that 1s adapted to store at
least a portion of the electric potential, or power output,
produced by fuel cell stack 40. Similar to the above discussion
regarding excess hydrogen gas, fuel cell stack 40 may pro-
duce a power output in excess of that necessary to satisty the
load exerted, or applied, by device 46, including the load
required to power fuel cell system 42.

In further similarity to the above discussion ol excess
hydrogen gas, this excess power output may be used 1n other
applications outside of the fuel cell system and/or stored for
later use by the fuel cell system. For example, the battery or
other storage device may provide power for use by system 42
during startup or other applications in which the system 1s not
producing electricity and/or hydrogen gas. In FIG. 5, flow-
regulating structures are generally indicated at 54 and sche-
matically represent any suitable manifolds, valves, control-
lers, switches, buses, and the like for selectively delivering
hydrogen gas and/or the fuel cell stack’s power output to
hydrogen-storage device 50 and energy-storage device 52,
respectively, and to draw the stored hydrogen gas and stored

power output therefrom.
As indicated 1n dashed lines at 77 1n FIG. 5, the fuel cell

system may, but 1s not required to, include at least one power
management module 77. Power management module 77
includes any suitable structure for conditioning or otherwise
regulating the electrical output produced by the fuel cell
system, such as for delivery to energy-consuming device 46.
Power management module 77 may include such illustrative
structure as buck and/or boost converters, switches, inverters,
relays, power filters, and the like.

It 1s within the scope of the present disclosure that steam
reforming hydrogen generation assemblies and/or fuel cell
systems according to the present disclosure may be free from
computerized controllers and control systems. In such an
embodiment, the system may be less complex in that 1t may
not include as many sensors, communication linkages, actua-
tors, and the like, and 1t may have lower balance of plant
requirements than a comparable assembly or system that
includes a controller. However, in some embodiments, 1t may
be desirable to include a controller, such as to automate one or
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more operations of the assembly or system, to regulate the
operation of the assembly or system, etc. In FIG. 6, an 1llus-
trative example of a controller 1s schematically 1llustrated at
88 and 1s shown being 1n communication with feedstock
delivery system 22 and heating assembly 60 of the hydrogen
generation assembly. In such a configuration, the controller
may be adapted to control and/or regulate at least the startup
of the hydrogen generation assembly. Such a controller may
additionally or alternatively, control and/or regulate the
hydrogen-producing operating state of the assembly. Con-
troller 88 may be powered by any suitable power source, such
as a battery or other suitable energy storage device 52. It 1s
also within the scope of the present disclosure that controller
88 1s powered by a power source other than battery 52, such as
indicated at 52' in FIG. 6. It 1s also within the scope of the
present disclosure that a controller 88 may be 1n communi-
cation with other components of the hydrogen generation
assembly and/or fuel cell system, such as to monitor and/or
control the operation thereof. Such a controller 1s schemati-
cally illustrated 1n FIG. 7 and 1s shown being in communica-
tion (via any suitable communication linkage for one or two
way communication) with components of the fuel processing
assembly (such as hydrogen-producing region 19, purifica-
tion region 24, and startup assembly 120), feedstock delivery
system 22, and fuel cell stack 40.

Fuel processing assemblies 31, heating assemblies 60, star-
tup assemblies 120, and feedstock delivery systems 22
according to the present disclosure may be configured 1n any
of the arrangements described, illustrated and/or 1ncorpo-
rated herein. In some embodiments, features or aspects from
one or more of the above described configurations may be
combined with each other and/or with additional features
described herein. For example, 1t 1s within the scope of the
present disclosure that fuel processing assemblies 10 that
include at least one purnification region 24 may (but are not
required to) house the hydrogen-producing region 19 and at
least a portion of the purification region together 1n a commeon
housing, with this housing optionally being located within the
shell 68 of the fuel processing assembly. This 1s schematically
illustrated 1n FIG. 8, in which reference numeral 25 generally
indicates a hydrogen-producing region 19 of a fuel process-
ing assembly, with the hydrogen-producing region being con-
tained within a housing, or vessel, 27 that contains at least the
reforming (or other) catalyst 23 used to produce the mixed gas
stream from the feed stream that 1s delivered to the hydrogen-
producing region.

As indicated in dashed lines in FIG. 8, shell 27 (and thereby
region 25) may, but 1s not required to, also include a purifi-
cationregion 24. For example, as illustrated in dashed lines 1n
FIG. 8, the purification region, when present 1n the housing,
may include one or more hydrogen-selective membranes 30
and/or a chemical carbon monoxide removal assembly 32.
Accordingly, region 25 may be described as a hydrogen-
producing and purifying region when 1t contains both a
hydrogen-producing region 19 and a purification region 24. It
1s within the scope of the disclosure that any of the regions 19
and 24 described, illustrated and/or incorporated herein may
be used 1n region 25. When region 235 does not include a
purificationregion, 1t may simply be described as a hydrogen-
producing region 19 that includes a housing 27. When hous-
ing 27 includes a purification region 24, 1t 1s still within the
scope of the present disclosure that the fuel processing assem-
bly may include one or more additional purification regions
(such as which may include the same or different purification
devices/mechanisms) external (i.e., downstream from) hous-
ing 27. The fuel processing assemblies illustrated herein
thereby include a hydrogen-producing region that i1s con-
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tained 1n a housing, with this housing optionally also contain-
ing a purification region. As also illustrated in FIG. 8, 1t 1s
within the scope of the present disclosure that startup assem-
bly 120 may extend partially or completely within housing
277. Additional illustrative, non-exclusive examples of addi-
tional regions 235 are disclosed in U.S. Patent Application
Publication No. 2006/0090397, the complete disclosure of
which 1s hereby incorporated by reference for all purposes.

As discussed, steam reforming fuel cell systems according
to the present disclosure may include a battery or other
energy-storage device, a power management module that
may include various devices for conditioning or otherwise
regulating the electrical output produced by the fuel cell
system, and an electrically powered startup heating assembly.
In some such embodiments, the power management module
may include a boost converter, and the battery or other
energy-storage device associated with the power manage-
ment module may be selectively utilized to provide power to
the startup heating assembly. Although this specific embodi-
ment 1s but one of many embodiments that are within the
scope of the present disclosure, 1t may be selectively utilized
to decrease the time required to heat the vaporization region
and/or startup reforming region to a selected temperature,
such as a suitable vaporization and/or hydrogen-producing
temperature. Specifically, the power, or power output, from
the battery or other energy storage device may be augmented
by the boost converter, such as through the use of suitable
relays, to increase the voltage of the power output provided to
the startup heating.

In FIGS. 9-14, various 1llustrative, non-exclusive examples
of startup assemblies 120 and hydrogen-producing fuel pro-
cessing assemblies 31 according to the present disclosure are
illustrated. The depicted examples are intended for the pur-
pose of illustration, and not limitation, 1n that many other
embodiments are within the scope of the present disclosure,
such as described, 1llustrated, and/or incorporated elsewhere
herein. It 1s within the scope of the present disclosure that the
illustrated examples of FIGS. 9-14, including components
thereol, may (but are not required to) be selectively utilized in
any of the steam reforming fuel processing assemblies and
steam reforming fuel cell systems that are described, 1llus-
trated, and/or incorporated herein.

In various ones of FIGS. 9-14, startup assembly 120
includes a vaporization region, or vaporizer, 122 that is
housed 1n a common shell, or housing, as startup reforming
region 130 and reforming catalyst 23. In the illustrated
embodiments, the vaporization region includes a region, or
bed, 162 of vaporization material 164, through which feed
stream 16 flows. Region 162 and material 164 are graphically
indicated 1n at least FIG. 10, as 1s an optional gas-permeable
retainer 165 that1s downstream of the catalyst. Anillustrative,
non-exclusive example of vaporization material 1s stainless
steel shot, although 1t 1s within the scope of the present dis-
closure that vaporization region 122 and/or vaporization
material 164 may utilize other materials and/or constructions.

When present, vaporization bed 162 and/or vaporization
material 164 should be located sutliciently upstream from
startup reforming region 130 to vaporize liquid components
of the feed stream prior to the feed stream flowing to the
startup reforming region. In the illustrated, non-exclusive
examples, the vaporization region and startup reforming
region are contained 1n a common housing. However, 1t 1s also
within the scope of the present disclosure that these regions
are spaced apart from each other in separate housings. It 1s
also within the scope of the present disclosure that the startup
assembly and the primary steam reforming region are heated
by the same heating assembly, and therefore that the startup
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assembly does not include a separate heating assembly that 1s
used (exclusively, or predominantly) only during startup of
the fuel processing assembly.

In the 1llustrated examples of FIGS. 9-13, and as indicated
in at least FIGS. 10 and 13, startup heating assembly 140
includes an electrically powered heating assembly 142 1n the
form of a cartridge heater 170 that 1s mserted mnto a bore,
thermowell, or other passage 172 1n the housing containing
vaporization region 122 and startup reforming region 130. As
discussed, the power source 144 for the electrically powered
heating assembly may, but 1s not required to, include or be a
battery or other energy storage device 52, such as which may
be adapted to store a portion of the electrical output produced
by a fuel cell stack associated with the hydrogen generation
assembly. As illustrated, the bore extends through the vapor-
ization region and the catalyst-containing startup reforming
region, although this construction i1s not required to all
embodiments. For example, 1n some embodiments, the star-
tup assembly may additionally or alternatively include an
clectrically powered heating assembly that 1s positioned
around and/or otherwise external to the startup reforming
region and/or vaporization region.

In various ones of FIGS. 9-14, steam reforming hydrogen-
producing region 19 1s illustrated generally at 27 as being
contained within a common housing, or vessel, 27 as at least
one purification region 24. In these 1llustrated, non-exclusive
examples, purification region 24 includes at least one hydro-
gen-selective membrane 30. It 1s within the scope of the
present disclosure that purification region 24, when present in
a particular embodiment, may include a different construc-
tion 1n addition to or 1n place of one or more membranes 30.
Also shown 1n various ones of FIGS. 9-14 15 a heating assem-
bly 60 1n the form of a burner 62 that 1s adapted to produce a
heated exhaust stream by combusting a gaseous fuel stream
(such as byproduct stream 28) in the presence of air. The
illustrated construction and configuration for burner 62 is but
one of many possibilities, as discussed herein.

In FIG. 9, startup assembly 120 1s shown positioned
beneath a shell 27 that contains a hydrogen-producing region
19 and which may additionally or alternatively contain at
least one purification region 24. In dashed lines, shell 27 1s
shown including purification region 24 1n the form of at least
one hydrogen-selective membrane 30 and a chemical carbon
monoxide removal assembly, such as a methanation catalyst
region, or bed. As discussed, either or both of these purifica-
tion regions, 1i present 1n a particular embodiment, may be
located downstream and spaced-apart from shell 27. In use,
one or more feed streams 16, such as may include water 17
and a carbon-containing feedstock 18 are delivered to the
startup assembly. Liquid components of the feed stream(s)
are vaporized in vaporization region 122, and at least a por-
tion of the carbon-containing feedstock 1s reacted to form
hydrogen gas 1n startup reforming region 130, which contains
a reforming catalyst 23. In some embodiments, at least a
majority of the carbon-containing feedstock will be reacted to
form gaseous reaction products, including hydrogen gas. In
some embodiments, all or nearly all of the carbon-containing
teedstock will be reacted to form gaseous reaction products,
including hydrogen gas. In some embodiments, at least the
carbon-contaiming portion of the hydrogen-containing output
stream 20' from the startup assembly 1s gaseous and will not
condense to form a liquid at the temperatures and pressures
encountered by stream 20' 1n the fuel processing assembly. In
some embodiments, at least the carbon-containing portion of
stream 20' will remain gaseous even 1f cooled to ambient
temperatures and pressures of 25° C. and 1 atm.
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The hydrogen-containing output stream 20' from the star-
tup assembly then flows as a reactant stream to hydrogen-
producing region 19. As discussed, region 19 1s downstream
from the startup assembly and may be described as containing
a second steam reforming region that 1s downstream from the
startup reforming region. The reformate, or mixed gas, stream
20 produced in hydrogen-producing region 19 is then sepa-
rated 1nto at least one product stream, such as may take the
form of hydrogen-rich stream 26 and/or product hydrogen
stream 14, and at least one byproduct stream 28. Byproduct
stream 28 may form at least a portion, 11 not all, of a combus-
tible (gaseous) fuel stream for a heating assembly 60, which
1s configured to combust the fuel stream 1n the presence of air
to produce heated exhaust stream 66. Heating assembly 60,
which may take the form of a burner 62, 1s positioned to emit
heated exhaust stream 66 so that this stream may provide heat
to the startup assembly and to hydrogen-producing region 19.
In some embodiments, the only combustible fuel stream
received by heating assembly 60 1s byproduct stream 28,
while 1n others the heating assembly 1s adapted to receive a
combustible fuel stream 1n addition to, or 1n place of, byprod-
uct stream 28.

The relative position of startup assembly 120 relative to
shell 277 (and/or hydrogen-producing region 19) 1s not critical.
For example, in FI1G. 9, the startup assembly extends closely
adjacent the shell 27, whereas 1 FIG. 10, the startup assem-
bly 1s spaced-apart from shell 27 by a greater distance. In
some embodiments, the relative shape, size, and/or position
ol the startup assembly, and the hydrogen-producing region
may be utilized to control the relative temperatures thereof
responsive to heat that 1s applied thereto, such as by heating
assembly 60 and/or startup heating assembly 140. In some
embodiments, the position, size, and/or configuration of heat-
ing assembly 60 and/or startup heating assembly 140 may
additionally or alternatively define the relative temperatures
of startup reforming region 130 and hydrogen-producing
region 19. In FIG. 11, an 1llustrative, non-exclusive example
of a suitable configuration for a heating assembly 60 that 1s
adapted to heat startup assembly 120 and hydrogen-produc-
ing region 19 with the heated exhaust stream 1s shown. As
illustrated 1n this non-exclusive example, the heating assem-
bly takes the form of a burner 62 that includes apertures that
are spaced-apart to provide heated exhaust streams that are
directed toward hydrogen-producing region 19 and which
collectively extend on opposed sides of startup assembly 120.

FIG. 12 illustrates an example of a startup assembly that
provides a gaseous, hydrogen-containing output stream 20’
that 1s delivered directly to a purification region 24 instead of
a to a downstream hydrogen-producing region 19. FI1G. 12
also provides a graphical example of a startup assembly that
forms a portion of shell 27, which as shown, contains at least
one purification region 24. As indicated 1n dash-dot lines, 1t 1s
within the scope of the present disclosure for such an embodi-
ment to also include a hydrogen-producing region 19 with a
steam reforming catalyst 23.

As discussed, 1n some embodiments, heating assembly 60,
which may take the form of a burner 62, may be configured to
distribute the heated combustion stream 66 between startup
assembly 120 and hydrogen-producing region 19. An 1llus-
trative, non-exclusive example of such a construction 1s
shown 1n FIG. 13, in which heated exhaust stream 66 1is
schematically 1llustrated being directed along a first flow path
180 toward vessel 27 and a second flow path 182 toward
startup assembly 120. A potential benefit of such a construc-
tion 1s that the heat provided by the heated exhaust stream 1s
divided according to a predetermined relationship between
shell 27 (and/or other suitable housing for steam reforming
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hydrogen producing region 19) and startup assembly 120. In
at least FIG. 13, burner 62 includes gas (fuel) distribution

holes, or apertures, 184, which may be formed by any suitable
mechanism, such as laser drilling. However, this construction
1s not required to all embodiments.

In dash-dot lines 1n FI1G. 13, the relative position of startup
heating assembly 140 1s reversed with respect to startup
reforming region 130 and vaporization region 122 to sche-
matically provide a graphical example of a startup assembly
in which the startup heating assembly does not extend 1n a
bore or thermowell 1n the startup reforming region and/or
vaporization region. In such an embodiment, startup heating
assembly 140 may still take the form of an electrically pow-
ered heating assembly, although this 1s not required. To 1llus-
trate this point, F1G. 14 provides an 1llustrative, non-exclusive
example of a startup assembly that does not include an elec-
trically powered heating assembly. Instead, FIG. 14 illus-
trates that heating assembly 60 may be used to heat the startup
assembly and hydrogen-producing region 19, although 1t 1s
also within the scope of the present disclosure that the startup
assembly may include a combustion-based heating assembly
that 1s not the same as heating assembly 60. In the 1llustrated
example, startup assembly may still include a bore 172, such
as to provide a passage, or conduit, through which the heated
exhaust stream from heating assembly 60 may flow to heat the
vaporization region and/or startup reforming region. As
another illustrative example, the startup reforming region
and/or vaporization region may be comparatively smaller 1n
cross-sectional area 1 view of the omission of a cartridge
heater and corresponding bore therefore. In a further
example, the region previously occupied by the bore may
instead be formed from a body 174 of thermally conductive
material that, once heated, assists in maintaiming the startup
assembly at or above defined minimum temperatures.

INDUSTRIAL APPLICABILITY

The hydrogen-producing fuel processing systems dis-
closed herein are applicable to the hydrogen-generation and
energy-production industries.

In the event that any of the references that are incorporated
by reference herein define a term 1n a manner or are otherwise
inconsistent with either the non-incorporated disclosure of
the present application or with any of the other incorporated
references, the non-incorporated disclosure of the present
application shall control and the term or terms as used therein
only control with respect to the patent document in which the
term or terms are defined.

The disclosure set forth above encompasses multiple dis-
tinct inventions with independent utility. While each of these
inventions has been disclosed in a preferred form or method,
the specific alternatives, embodiments, and/or methods
thereol as disclosed and 1llustrated herein are not to be con-
sidered 1n a limiting sense, as numerous variations are pos-
sible. The present disclosure includes all novel and non-
obvious combinations and subcombinations of the various
clements, features, functions, properties, methods and/or
steps disclosed herein. Similarly, where any disclosure above
or claim below recites “a” or “a first” element, step of a
method, or the equivalent thereof, such disclosure or claim
should be understood to include one or more such elements or
steps, neither requiring nor excluding two or more such ele-
ments or steps.

Inventions embodied 1n various combinations and subcom-
binations of features, functions, elements, properties, steps
and/or methods may be claimed through presentation of new
claims 1n a related application. Such new claims, whether
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they are directed to a different invention or directed to the
same 1nvention, whether different, broader, narrower, or
equal 1n scope to the original claims, are also regarded as
included within the subject matter of the present disclosure.

The mvention claimed 1s:

1. A method for starting up a hydrogen generation assem-
bly that includes a startup assembly and a hydrogen-produc-
ing region and produces hydrogen gas via a steam reforming
reaction, the method comprising:

heating the startup assembly, which includes a vaporiza-

tion region and a startup reforming region, to a suitable
hydrogen-producing temperature during a startup
period 1 which a temperature of the hydrogen-produc-
ing region 1s less than the hydrogen-producing tempera-
ture;

delivering a liquid feed stream that contains water and a

carbon-contaiming feedstock to the startup assembly;
vaporizing the liqud feed stream in the startup assembly;
chemically reacting at least a portion of the liquid feed
stream 1n the startup assembly to produce a gas-phase
stream that contains hydrogen gas and has a different
composition than the liguid feed stream;

withdrawing at least a portion of the gas-phase stream from

the startup assembly as an output stream;

delivering the output stream to the hydrogen-producing

region, which includes a steam reforming catalyst, dur-
ing the startup period;

withdrawing a discharge stream from the hydrogen-pro-

ducing region; wherein the discharge stream contains
hydrogen gas and other gases;
delivering the discharge stream to a separation assembly
that 1s configured to separate the discharge stream 1nto a
hydrogen-rich stream, which contains a greater concen-
tration of hydrogen gas than the discharge stream, and a
byproduct stream, which contains a greater concentra-
tion of the other gases than the discharge stream; and

combusting the byproduct stream to produce a heated
exhaust stream for heating the startup assembly and the
hydrogen-producing region.

2. The method of claim 1, wherein the heating includes
clectrically heating the startup assembly.

3. The method of claim 1, wherein the output stream does
not contain any of the carbon-containing feedstock.

4. The method of claim 1, wherein the output stream
includes all of the gas-phase stream.

5. The method of claim 1, wherein the method further
comprises producing an electrical output from a portion of the
hydrogen-rich stream.

6. The method of claim 1, wherein the hydrogen-producing
region and the startup reforming region contain different
amounts ol steam reforming catalyst.

7. The method of claim 1, wherein the hydrogen-producing
region and the startup reforming region contain the same
amount of steam reforming catalyst.

8. The method of claim 1, wherein the method further
comprises chemically reacting at least a portion of any carbon
monoxide 1n the hydrogen-rich stream.
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9. The method of claim 1, wherein heating the startup
assembly includes heating the startup assembly with a startup
heater, wherein combusting the byproduct stream includes
combusting the byproduct stream with a combustion heater,
and further wherein the method includes ceasing heating the
startup assembly with the startup heater subsequent to the
startup reforming region reaching the suitable hydrogen-pro-
ducing temperature.

10. The method of claim 1, wherein the method further
includes imitiating heating the startup assembly responsive to
a demand for hydrogen gas.

11. The method of claim 1, wherein delivering the liquid
feed stream to the startup assembly includes delivering the
liquid feed stream responsive to a temperature of the hydro-
gen generation assembly.

12. The method of claim 1, wherein delivering the liquid
feed stream to the startup assembly includes delivering the
liquid feed stream responsive to a temperature of the startup
assembly.

13. The method of claim 1, wherein the composition of the
discharge stream 1s substantially similar to the composition of
the output stream.

14. The method of claim 1, wherein the output stream
remains in the gaseous state at a temperature that 1s below the
hydrogen-producing temperature.

15. The method of claim 1, wherein the output stream
remains 1n the gaseous state at a temperature of 25° C. and a
pressure of 1 atm.

16. The method of claim 1, wherein chemically reacting at
least a portion of the liquid feed stream includes chemically
reacting at least a substantial portion of the liquid feed stream.

17. The method of claim 16, wherein chemically reacting at
least a substantial portion of the liquid feed stream includes
chemically reacting all of the liquid feed stream.

18. The method of claim 1, wherein the separation assem-
bly includes a pressure swing adsorption assembly.

19. The method of claim 1, wherein the separation assem-
bly includes a hydrogen-selective membrane.

20. The method of claim 1, wherein, during the startup
period, the hydrogen-producing region 1s not producing any
hydrogen gas from the output stream delivered thereto.

21. The method of claim 1, wherein the startup assembly
includes a first housing containing the vaporization region
and the startup reforming region.

22. The method of claim 21, wherein the hydrogen-pro-
ducing region 1s contained 1n a second housing that 1s separate
from the first housing.

23. The method of claim 1, wherein, during the startup
period, a fuel value of the byproduct stream that 1s combusted
to form the heated exhaust stream 1s suilicient to heat the
hydrogen-producing region to the hydrogen-producing tem-
perature.

24. The method of claim 23, wherein the method further
includes combusting only the byproduct stream to produce
the heated exhaust stream for heating the startup assembly
and the hydrogen-producing region.
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